Rare disease Background:
Background
Inflammatory myofibroblastic tumor (IMT), or inflammatory pseudotumor, is an uncommon, largely indolent mesenchymal neoplasm, primarily occurring in the thoracic and abdominal cavities of children and young adults [1] . Rare examples of its malignant variant, or inflammatory myofibroblastic sarcoma (IMS), have been reported based on local recurrence and distant metastasis [1] [2] [3] . About 36-60% of IMT have been found to have anaplastic lymphoma kinase-1 (ALK-1) gene rearrangement on chromosome 2p23 [4, 5] . There have been increasing reports on the treatment effects of ALK inhibitors on IMS [6] [7] [8] . Here we report a case of pulmonary IMS in an 18-year old female with multiple brain metastases as her initial presentation, whose tumors gained significant clinical response to sequential treatment with the first-, second-and third-generation ALK inhibitors (crizotinib, ceritinib, alectinib, and lorlatinib). To the best of our knowledge, this is the first case of IMS treated with all three generations of ALK inhibitors. It may provide valuable insight on the treatment of this rare and aggressive tumor.
Case Report
An otherwise healthy 18-year old Caucasian female presented to our center in January 2014 with severe headaches. Brain MRI revealed multiple brain masses with the largest (5 cm) found in anterior left frontal lobe (Figure 1 ). Metastatic workup showed a 6 cm right middle lobe lung mass (Figure 2 ). Neurosurgical excision of the left frontal brain lesion to reduce mass effects and related symptoms produced a 4.6×3×3 cm, firm, circumscribed, vascular nodular tumor. Pathologic examination showed a hypercellular spindle cell neoplasm sharply demarcated from the surrounding gliotic brain parenchyma ( Figure 3) . The tumor cells are arranged haphazardly, in a hemangiopericytoma-like or a storiform architectural pattern with many delicate capillaries or sinusoidal vessels, geographic areas of necrosis (Figure 4) , and focal hyalinized hypocellularity ( Figure 5 ). They contain oval vesicular nuclei, small nucleoli or chromocenters, varying amounts of pale eosinophilic cytoplasm and indistinct intercellular borders ( Figure 6 ) with focal formation of scattered multinucleated giant cells ( Figure 7 ) in between many infiltrating small lymphocytes and occasional plasma cells (Figure 8 ). Mitotic figures are readily found, averaging up to 3 mitoses per 10 high-power fields.
Immunohistochemical stains show diffuse cytoplasmic immunoreactivity for ALK-1 protein ( Figure 9 ) and no immunoreactivity for cytokeratins, glial fibrillary acidic protein (GFAP), S100 protein, CD34, CD99, or bcl-2. Fluorescence in situ hybridization (FISH) test confirmed ALK-1 gene rearrangement in tumor cells, but genomic DNA sequencing failed to reveal the fusion partner, likely due to intron interference. The patient underwent a second craniotomy one month later for resection of a rapidly progressing right parietal tumor, followed by Gamma Knife radiosurgery to several smaller brain lesions before being started on crizotinib (Pfizer, 250 mg bid) under the diagnosis of ALK-1-rearranged IMS. Two months later, after the lung lesion was noted radiologically to have reduced in size by 50% and after her CNS disease was deemed arrested, she underwent a thoracotomy and right middle lobectomy to remove the suspected primary tumor. Pathology of the lung lesion was identical to that of the two resected brain lesions. She had no significant sequelae from her medical and surgical treatments, and resumed her college studies at a local university and continued crizotinib.
Serial laboratory and imaging studies were used to follow our patient's disease regularly. Unfortunately, her CNS disease progressed on follow-up brain MRI after being on crizotinib (250 mg bid) for three months. Crizotinib was discontinued, and she was started on ceritinib (Novartis, 750 mg qd) with a good radiographic response. Grade 3 elevation of the patient's transaminases required a dose reduction of this ALK inhibitor (to 450 mg qd), and after eight months her CNS disease progressed again on brain MRI. She underwent a second round of gamma knife radiosurgery treatment, followed by compassionate use of alectinib (Genentech, 600 mg bid). In January 2016, after eight months of alectinib treatment, she developed recurrent severe headaches and brain MRI identified rapid progression of several CNS lesions and the development of leptomeningeal disease in all spinal compartments (Figures 10-12 ). Multiple CT scans over the entire two-year time span showed no evidence of extra-CNS disease below the neck. Compassionate use of lorlatinib (Pfizer, 100 mg qd) was then administered with dramatic clinical improvement. Within a few weeks, the patient was able to discontinue IV opiate narcotics required to control her headaches. Follow-up brain MRI three months later revealed complete clearance of leptomeningeal disease in all spinal compartments and stable brain lesions without worsening signs (Figures 13, 14) . The patient reported minimal headaches, for which she used Fioricet for control. The patient is alive and well 2½ years since her primary diagnosis and has returned to her college studies.
Discussion
Inflammatory myofibroblastic tumor (IMT) is one of a group of mesenchymal tumors with intermediate biologic potential for malignancy [9] , many of which recur after surgical intervention. A small number of these tumors behave aggressively [10] . The term inflammatory myofibroblastic sarcoma (IMS) was first suggested by Marino-Enriquez, et al. in 2011 [1] , who reported a series of 11 IMS patients with an age range of 7 months to 63 years (median 39 years). Most reported cases of IMS occurred in the abdominal cavity, and the majority was found in the mesentery or omentum at presentation [1, 7, 11] . One reported case presented in the pleural cavity [12] . It is very unusual for IMS to present initially as multiple brain metastases as did our patient, without manifestation at the primary tumor site.
ALK-1 gene rearrangements were initially identified in a subset of anaplastic large cell lymphomas [13] . Since then, they have been reported in many other types of cancers, including non-small cell lung cancer (NSCLC), IMT/IMS, colon cancer, renal cell carcinoma, breast cancer, esophageal cancer, and neuroblastoma [14] . Over the past decade, several ALK inhibitors have been approved for the treatment of ALKrearranged cancers, mainly for NSCLC, including first-generation crizotinib [15] , and second-generation ceritinib [16] and alectinib [17, 18] . The third-generation ALK inhibitor lorlatinib (PF-06463922, Pfizer) is currently under clinical trial for the treatment for ALK-rearranged NSCLC, including those refractory to first and second-generation ALK inhibitors [19] .
Most of the current knowledge and experience with ALK inhibitors is derived from treatments for NSCLC. However, ALK inhibitors have been reported as effective treatments for ALKrearranged IMT [6, 8] . Liu et al. [8] reported a sustained response in a 22-year old male with abdominal IMT. Our patient was initially put on crizotinib, a first-generation ALK inhibitor after her craniotomy with tumor resection. Unfortunately, her disease progressed shortly after three months of treatment. It has been known that crizotinib has poor CNS penetration as evidenced by low concentrations detected in CNS samples during the treatment course [20] , which was likely the cause of treatment failure in our patient. It was proposed that poor brain penetration of crizotinib is likely due to its high efflux by P-glycoprotein (PGP) [21] .
The second-generation ALK inhibitors, which have been developed to overcome the acquired crizotinib resistance, are more potent and structurally different. Our patient was subsequently switched to the second-generation ALK inhibitors ceritinib and then alectinib with eight-month response, respectively, until the disease progressed. She was then finally put on lorlatinib, a third-generation ALK inhibitor as compassionate treatment. Lorlatinib, selectively active against both ALK and ROS1, has been designed to have better CNS penetration with improved activity against CNS metastasis [19] . After a few weeks our patient achieved significant clinical response with resolved headache and the disappearance of the leptomeningeal carcinomatosis as evidenced on MRI.
Resistance to treatment almost invariably develops after one or two years of initial of treatment with crizotinib [22] . The development of the resistance to ALK inhibitors is currently a major barrier to the successful long-term treatment for ALKrearranged cancers [18, 23] . Mechanisms responsible for resistance to crizotinib may be due to acquired ALK gene mutations, and activation of other signaling bypass pathway [24, 25] . It also has been shown that multiple mechanisms of resistances may occur in the same ALK resistant tumor [26, 27] .
This case report illustrates the potential efficacy of serial usage of different ALK inhibitors in treating IMS that progresses with time, even in the absence of identifiable resistance mutations. Responses can be re-elicited likely due to the unique molecular characteristics of second-and third-generation ALK inhibitors. To the best of our knowledge, this is the first case of IMS that has been effectively controlled by the use of all three generations ALK inhibitors.
Conclusions
In summary, we report a rare case of pulmonary inflammatory myofibroblastic sarcoma with ALK-1 gene rearrangement and multiple brain metastases as initial presentation. After the primary lung tumor and the larger brain metastases were resected, control of residual CNS disease and subsequent progression and CNS spread was achieved with favorable clinical response by the use of all three generations of ALK inhibitors. Our experience offers support for serial ALK inhibitors as an effective therapy for this rare and unusual form of ALK-1-rearranged cancer, even in the presence of multifocal CNS metastases.
Conflicts of Interest
Authors declared no conflicts of interest.
